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ABSTRACT / The Yellow River has been intensively affected
by human activities, particularly in the past 50 years, including
soil–water conservation in the upper and middle drainage ba-
sin, flood protection in the lower reaches, and flow regulation
and water diversion in the whole drainage basin. All these
changes may impact sedimentation process of the lower Yel-
low River in different ways. Assessing these impacts compre-
hensively is important for more effective environmental man-
agement of the drainage basin. Based on the data of annual
river flow, sediment load, and channel sedimentation in the
lower Yellow River between 1950 and 1997, the purpose of
this paper is to analyze the overall trend of channel sedimen-
tation rate at a time scale of 50 years, and its formative cause.
It was found in this study that erosion control measures and
water diversion have counteractive impacts on sedimentation
rate in the lower Yellow River. Although both annual river flow
and sediment decreased, there was no change in channel
sedimentation rate. A regression analysis indicated that the
sedimentation in the lower Yellow River decreased with the
sediment input to the lower Yellow River but increased with
the river flow input. In the past 30–40 years, the basin-wide
practice of erosion and sediment control measures resulted in
a decline in sediment supply to the Yellow River; at the same
time, the human development of water resources that re-
quired river flow regulation and water diversion caused great
reduction in river flow. The former may reduce the sedimenta-
tion in the lower Yellow River, but the reduction of river flow
increased the sedimentation. When their effects counterbal-
anced each other, the overall trend of channel sedimentation
in the lower Yellow River remained unchanged. This fact may
help us to better understand the positive and negative effects
of human activities in the Yellow River basin and to pay more
attention to the negative effect of the development of water
resources. The results of this study demonstrate that, if the
overuse of river water cannot be controlled, the reduction of
channel sedimentation in the lower Yellow River cannot be
realized through the practice of erosion and sediment control
measures.
River sedimentation has been an important topic in
earth and environmental sciences. So far, worldwide
research has been done on the river sedimentation as
influenced by climate change and various human im-
pacts (Schumm 1977, Goudie 2000, Knighton 1998,
Molman 1967, Mead 1982). River drainage basin man-
agement often aims at multiple objects, including water
resources development that requires river flow regula-
tion for hydroelectric generation and water division for
irrigation, soil erosion control, and ecological restora-
tion. The change in river sedimentation caused by in-
dividual aspects of human impacts has been well stud-
ied, such as those caused by reservoir construction,
water diversion, soil erosion control and reforestation
(Williams and Wolman 1984, Petts 1984, Michlin 1988,
Newson 1992, Graf 1999, Maheshwari and others 1995,
Xu J 1997, Goudie 2000). However, when a multiple-
object program for river drainage basin development
and management is carried on, the resultant effects
may counterbalance each other, and the final “net”
effect may likely be quite different from what is previ-
ously expected. So far, little research has been done
along this line, and this will be dealt with in the present
study, with the Yellow River, China, as an example. The
Yellow River is a river that has been intensively affected
by human activities, particularly in the past 50 years,
including soil–water conservation in the upper and
middle drainage basin, flood protection in the lower
reaches, and water resources development (such as
river flow regulation for hydroelectric generation and
water division for irrigation) in the whole drainage
basin. All these changes impact sedimentation process
of the lower Yellow River in different ways. These im-
pacts may be counteractive, and thus the “net” effect
may not be what is expected. Assessing these impacts
comprehensively is important for more effective envi-
ronmental management of the river drainage basin.
The flooding in the lower Yellow River, China is a
serious problem in China that impacts national eco-
nomic development and society stability. Since the
founding of the People’s Republic of China in 1949,
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flood protection has been the first strategic objective
for harnessing the Yellow River. The physical–geo-
graphical settings of the Yellow River drainage basin are
characterized by a semiarid climate and a thick loess
mantle that is highly erodible. The natural vegetation
has been destroyed by humans and slopelands have
been cultivated. Thus, erosion is extremely high, and
suspended sediment load and concentration ranks the
first among the world’s rivers (Figure 1). According to
the hydrometric data made in the period 1950–1959
(i.e., before the construction of the Sanmenxia Reser-
voir), the mean annual input of suspended sediment
load of the lower Yellow River was 1.791 billion tons,
expressed as the sum of the suspended loads of San-
menxia station on the main stem, Heishiguan station
on the Yiluohe River and Xiaodong station on the
Qinhe River. Of the total, 1.322 billion tons reached
the sea, as measured at Lijin station, and 0.469 billion
tons were deposited in the river channel (Yellow River
Hydraulic Engineering Institute, 1987). Because of sed-
imentation, the level of riverbed has risen continuously
at an average rate of 10-cm/yr, and the water level at a
given discharge as well (Ye 1994). To maintain a chan-
nel capacity for flood control, the engineers have con-
tinued to build artificial levees higher and higher, usu-
ally about 1 m every 10 years (Zhao and others 1998).
As a result, the raising of artificial levees keeps up with
the rising of the riverbed and continues to aggravate
flood protection. With this difficulty in mind, engineers
have recognized that the key to flood protection of the
lower Yellow River lies in reducing the sediment supply
to the river, most of which comes from the Loess Pla-
teau.
Consequently, since the 1950s, two strategic schemes
have been put into practice in the middle of the Yellow
River drainage basin: building reservoirs to intercept
sediment and utilizing erosion and sediment control
measures such as land terracing, tree and grass plant-
ing, and checkdams building (Ye 1994). In 1959, the
Sanmenxia Reservoir was completed and then used for
water storage and sediment trapping. The engineers
had hoped that this procedure would solve the sedi-
mentation problem in the lower Yellow River. However,
between 1959 and 1962, 2.4 billion tons of sediment
deposited in the reservoir, seriously threatening the
lifetime of the reservoir (Zhao and others 1998). This
situation forced the engineers to modify the dam so
that sediment would be released. Subsequently, the
reservoir has been used under the operation mode of
“storing clear water during low-flow season and releas-
ing sediment during high-flow season” (Zhao and oth-
ers 1998). This means that the dam no longer has the
function of trapping sediment, and the sediment input
and output of the reservoir is basically equal on average
(Zhao and others 1998). The practice of Sanmenxia
Reservoir indicates that controlling sediment through
the construction of reservoirs on heavily sediment-
laden rivers like the Yellow River will not be in effect for
long if soil erosion in their drainage basins is not under
control. Since the mid-1960s, large-scale erosion and
sediment control measures have been undertaken
(e.g., land terracing on cultivated slopelands, tree and
grass planting on noncultivated hillslopes, and check-
dam building on gullies). The first two practices are
used for reducing erosion; the last is for trapping the
eroded sediment (Ye 1994). After nearly 40 years of
practice, the beneficial effects of reducing sediment
into the Yellow River by erosion and sediment control
measures are evident.
Figure 1. Lower Yellow River. 1:
Mengjin, 2: Liujiaxia, 3: Hejin.
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However, in the meantime, with the rapid develop-
ment of agriculture and industry, water consumption
has increased sharply, greatly reducing the river flow of
the Yellow River. Sediment deposition in river channel
depends on the relationship between the ability of the
streamflow to carry sediment and the river’s “load” i.e.,
on the amount of sediment (mainly the bed-material
load) supplied to the river from the drainage basin.
Erosion and sediment control measures reduce the
amount of sediment entering the river, resulting in a
reduction of the river’s “load.” On the other hand, the
overuse of river water and the reduction of high dis-
charges in order to make streamflow more uniform for
hydroelectric generation by reservoirs constructed on
the upper reaches of the Yellow River, one of the most
important bases of hydroelectric generation in China,
result in a decline in the river’s ability to carry sedi-
ment. The reduction in the first aspect may reduce
sedimentation in the lower Yellow River, but the reduc-
tion in the second aspect may increase it. In the Yellow
River drainage basin, soil erosion control measures and
water resources development (e.g., river flow regula-
tion and water diversion) are two major kinds of human
activities affecting the hydrological and geomorphic
processes of the Yellow River system. The effect of these
two is in opposite directions, which may cause conflict-
ing effects resulting from human activity. In the present
study, the long-term trend of sedimentation in the
lower Yellow River in the past 50 years will be dealt with
in this context, to get a better insight into decision
making for the environmental management of the
drainage basin.
Methodological Approach and Data Sources
To obtain the sedimentation rate of the lower Yellow
River, two means are used: a sediment transport equa-
tion and a cross-section-based equation. Mengjin,
where the Yellow River leaves mountainous areas and
runs into a valley plain, is taken as the inlet location of
the lower Yellow River. Thus, Sanmenxia station above
Mengjin is used as the inlet station of the lower Yellow
River. The most downstream station is at Lijin. The
sediment load as measured at Lijin is considered as the
sediment flux to the sea. Not far downstream from
Mengjin, there are two tributaries joining the main
stem, Yiluohe and Qinhe Rivers, the only two major
tributaries of the lower Yellow River. The most down-
stream stations of the Yiluohe and Qinhe River are
Heishiguan and Xiaodong, respectively. Thus, using
the sediment transport balance conception, the sedi-
mentation rate in the lower Yellow River is calculated
as:
Deps 1  (Qs,s Qs,h Qs,x)  (Qs,l Qs,d) (1)
where Deps1 is annual sedimentation rate between
Sanmenxia and Lijin, Qs,s, Qs,l, Qs,h and Qs,x are the
annual suspended sediment loads at Sanmenxia, Lijin,
Heishiguan, and Xiaodong stations, respectively. Qs,d is
the annual sediment diversion from the river in associ-
ation with the diverted water. All these variables are in
108 t/yr.
To obtain reliable results, we also use the cross-
section measurement-based method for calculation of
sedimentation rate. The area of deposition or scour at
a given cross section during the successive 2 years can
be calculated by plotting the cross section of these 2
years in the same coordinate. Accordingly, the volume
of sedimentation between two adjacent cross sections
may be calculated as:
Deps 1  0.5(Aupper Alower)  L, (2)
where Deps1 is the sediment deposition (or scour) by
volume, Aupper and Alower are the deposition or scour
area on the upper and lower cross sections, and L is the
distance between the two cross sections. Summing the
sediment deposition of all the segments between two
adjacent cross sections, we may obtain the annual sed-
iment deposition for the lower Yellow River.
Because the lower Yellow River is a “suspending” or
“hanging” river, i.e., the elevation of its bed is higher
than the ground surface behind the artificial levees,
basically no tributaries can joint it, except the two
tributaries, the Yiluohe and Qinhe Rivers, in the upper
part of the lower Yellow River. Thus, the input of an-
nual river flow or suspended load to the lower Yellow
River is calculated as the sum of the annual river flows
or suspended loads at Sanmenxia station on the Yellow
River, at Heishiguan station on the Yiluohe River and at
Xiaodong station on the Qinhe River.
Based on the data of annual sedimentation rate of
the lower Yellow River, the input of river flow and
suspended sediment load to the lower Yellow River, and
other relevant data, the temporal trend of sedimenta-
tion in the lower Yellow River in the past 50 years and
the formative cause have been studied, using regression
analysis. All the data used in this study are obtained
from the Yellow River Water Conservancy Commission,
including the data of water discharge and suspended
sediment load measured at the relevant hydrometric
stations, the data of cross section measurements, the
data of areal averaged precipitation over the Yellow
River basin based on the measurements at 913 rain
gauges, the data of soil–water conservation measures,
and the data of water diversion from the river.
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Changes in River Flow, Suspended Sediment
Load and Sedimentation Rate in the Lower
Yellow River
Changes in the Input of River Flow and Suspended
Sediment Load
The temporal variations of the annual input of river
flow and suspended sediment load of the lower Yellow
River, which is expressed by the sum of river flow or
sediment load at Sanmenxia, Heishiguan, and Xiaodong
stations, have been plotted in Figures 2a and 2b. Although
interannual fluctuations are large, a decreasing trend can
be seen clearly. Sediment transport occurs mainly during
high-flow season. Thus, high-flow season river flow and
the seasonal distribution of river flow have a crucial effect
on sedimentation rate in the lower Yellow River. The
seasonal distribution of river flow can be indexed by the
ratio of high-flow season (June to October) river flow to
the annual total. The temporal variations in annual high-
flow season river flow and the ratio of annual high-flow
season river flow to the annual total have been plotted in
Figure 2c, both showing a decreasing trend since 1950.
Regression correlation equations are given in this figure;
the probability of significance of the correlation is at the
level of 0.05.
Much research has been done on the causes for the
changes in river flow and sediment load in the Yellow
River (e.g., Milliman and others 1987, Lin and Long
1988, Mou 1991, Foundation for Yellow River Water
and Sediment Change Study 1993, Ye 1994, Long and
others 1994, Mou 1996, Xu and Niu 2000). According
to the results obtained, since the 1970s, precipitation
over the Yellow River drainage basin has shown a de-
clining trend, and, in the meantime, the basinwide
practice of erosion and sediment control measures has
reduced the amount of sediment supplied to the Yellow
River. Moreover, water diversion from the river has
significantly reduced the river flow. The erosion and
sediment control measures can be indexed by their
area, such as areas of land terracing, and tree and grass
planting. Checkdams on gullies intercept large quanti-
ties of sediment, by which some flat land has been
created above the dams. Thus, the effect of checkdams
may be expressed by the area of land created above it.
The temporal variations in the areas of all the above
three types of erosion and sediment control measures
have been plotted in Figure 3a, where a trend of in-
crease can be seen clearly. Figure 3b shows the tempo-
ral variation in the annual water diversion in the whole
drainage basin, also indicating a trend of increase. In
Figure 3c, the sediment supplied to the upper and
middle Yellow River represented by the sum of annual
suspended sediment loads at Longmen station on the
main stem and at Huanxian, Zhuangtou, and Hejin
stations on the three major tributaries, has been plotted
against the areas of the above three types of erosion and
sediment control measures, based on decadal data.
Close negative correlations can be seen, indicating that
erosion and sediment control measures have reduced
sediment into the Yellow River.
Change of Sedimentation Rate in the Lower Yellow
River
The annual sedimentation rate in the lower Yellow
River has been plotted against time in Figure 2c. The
interannual fluctuations are large; however, the regres-
sion line is nearly parallel to the X-axis, indicating that
there is no overall trend of increase or decrease with
time. The regression equations and correlation coeffi-
cients in Figures 2a, 2b, and 2c have been calculated as
follows:
Qw  5.1019t  10482 r2  0.269, n  48 (3)
Qs  0.1952t  397.55 r2  0.1663, n  48)
(4)
Deps 1  0.0015t  0.9101 r2  0.00004, n  48).
(5)
where Qw and Qs are the inputs of river flow and
suspended sediment load to the lower Yellow River, and
Deps1 is the sedimentation rate in the lower Yellow
River. The t-test indicates that the correlation of Eqs.
3and 4is significant at a level of 0.01. The correlation
coefficient of Eq. 5is very low and the slope of the
equation is very small, meaning that Deps1 does not
vary with time, or it is independent of time.
It should be pointed out that, at secondary time
scales, e.g., at a time scale of 3–5 years, sedimentation
rate varies significantly with time. The points of 1960,
1961, 1962, and 1963 are clearly below the trend line,
because during those years, the Sanmenxia Reservoir
trapped most of the sediment from above the dam, and
the sediment released was greatly decreased. The
points of 1982–1985 are also below the trend line,
because in this period the hydrology of the Yellow River
was in the combination of abundant river flow and
less-than-normal sediment load. In the two periods,
channel scour was observed in the lower Yellow River;
however, in the successive years, sedimentation oc-
curred, and thus the overall trend did not change. In
this figure, some points are clearly above the trend line,
e.g., those for the years 1953, 1954, 1969, 1970, 1977,
and 1996. The annual sedimentation of these years was
657, 702, 751, 825, 903 and 640 million tons, much
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Figure 2. Temporal variations in the sus-
pended load (a), river flow (b), annual
high-flow season river flow and the ratio
of annual high-flow season river flow to
the annual total (c), and annual channel
sedimentation (d) in the lower Yellow
River.
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larger than the average of the trend. During these
years, hyperconcentrated flows occurred in the lower
Yellow River, resulting in serious sedimentation. How-
ever, the occurrence of hyperconcentrated flows is
more or less random, and independent of time, and
thus hyperconcentrated flows cannot cause a trend to-
ward increase of sedimentation rate.
The temporal trend of sedimentation rate in the
lower Yellow River also has been detected using the
data of cross-section measurements at a time scale of 50
Figure 3. Temporal variations in the ero-
sion and sediment control measures (a),
water diversion from the Yellow River (b),
and the relation between sediment yield
from the upper and middle Yellow River
drainage basin and the erosion and sedi-
ment control measures (c).
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years (Figure 4). To make a comparison, the temporal
variation of sedimentation rate based on sediment
transport equation is also given in the same figure. In
can be seen that the two regression lines are all nearly
parallel to the X-axis. The regression equation related
with the data based on cross-section measurements is as
follows:
Deps 1'  0.0035t  5.6765 (6)
The correlation coefficient r2  0.0003, and the slope
of the line is 0.0035, indicating that Deps1' does not
vary with time in a long-term trend.
Explanation of Why There Is No Trending
Decrease in Sedimentation Rate
As pointed out earlier, because of the sediment-
reducing effect of erosion and sediment control mea-
sures, the input of sediment to the lower Yellow River
has decreased significantly. During the 1950s, 1960s,
1970s, 1980s, and 1990s, mean annual sediment load
measured at Sanmenxia station was 1.761, 1.145, 1.398,
0.859, and 0.825 billion t/yr; sediment loads in the
1980s and 1990s were less than one half of that in the
1950s. Although the input of sediment has greatly de-
creased, the sedimentation rate has no overall trend of
decrease, as shown in Figure 2c and Figure 4, except
during the years 1960–1964 when the Sanmenxia Res-
ervoir was used for sediment trapping and water stor-
age. At first glance, the above two points contradict
each other. The explanation is given below.
Relationship Between Sedimentation Rate and
Inputs of River Flow and Sediment Load
Many studies show that there is a close relationship
between sedimentation rate in the lower Yellow River
and the river flow and sediment load supplied from the
drainage basin (Chien and others 1980) and some
empirical equations have been established (Xu 2002).
Based on the annual data in the period 1950–1997, the
following regression equation has been established in
this study:
Deps 1  3.84  0.0192Qw,shx 0.507Qs,shx (7)
where Deps1 is the annual sedimentation rate from
Sanmenxia to Lijin in 108 t/yr. Qw is annual river flow
in 108 m3/yr and Qs is annual suspended sediment
load in 108 t/yr; both are the sum of river flow or
sediment at Sanmenxia, Heishiguan, and Xiaodong
stations and represent the inputs of water and sedi-
ment to the lower Yellow River. The multiple corre-
lation coefficient is R  0.94, F-value is 157.31, which
is significant at a level of 0.000001, and the residual
standard deviation about the regression line is SE 
1.2329. This equation indicates that the effect of Qw
and Qs is in the opposite direction, i.e., the increase
in Qs may lead to a decrease in sedimentation rate in
the lower Yellow River and the increase in Qs may
lead to an increase in the sedimentation rate. In
general we have
S  a  bQw  cQs (8)
where S is sedimentation rate, Qw is river flow, Qs is
sediment load, and a, b, c are coefficients. Making
partial differentials of all the terms on both sides of the
equation to time t, we have
dS
dt
 b
dQw
dt
 c
dQs
dt
(9)
If dS/dt  0, then sedimentation rate increases; if dS/dt
 0, then sedimentation rate decreases; if dS/dt  0,
then sedimentation rate remains unchanged.
Figure 4. Temporal variation in the chan-
nel sedimentation of the lower Yellow
River, based on the data from sediment
balance calculation and cross-section sur-
veying.
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Assuming that Qw and Qs vary with time linearly:
Qw a1 b1t (10)
Qs a2 b2t (11)
After making differentials, we have: dQs/dt  b1, dQw/dt
 b2. Inserting them into Eq. 9, we have
dS
dt
 b  b1  c  b2 (12)
From Eq. 7, b  0.0192, c  0.507; from Eq. 3, b1 
5.109; from Eq. 4, b2  0.1952. Inserting them into
Eq. 12, we have
dS
dt
 0.0192  5.1019  0.507  0.1952
 0.00042  0 (13)
Equation 13 satisfies the condition for the sedimenta-
tion rate remaining unchanged. In other words, if the
two aspects of human activities combine so that the rate
at which the sedimentation rate in the lower Yellow
River is reduced just balances the rate at which sedi-
mentation rate is increased, then the sedimentation
rate in the lower Yellow River will not change. The
erosion and sediment control measures may result in a
reduction in sedimentation in the lower Yellow River.
The anthropogenically induced effects on river flow
result from two factors. First, the reservoirs in the upper
Yellow River, constructed for hydroelectric generation,
reduce the high-flow season river flow and increase the
low-flow season river flow. Second, large quantities of
diverted water reduce river flow, especially low-flow
season river flow. This will increase sedimentation in
the lower Yellow River. When the effect of sedimenta-
tion reduction from erosion and sediment control mea-
sures is offset by an increase in sedimentation because
of river flow regulation and water diversion, the sedi-
mentation rate in the lower Yellow River will remain
unchanged. This fact will help us understand the im-
pact of human activities in the Yellow River drainage
basin in the past 40 years, because the original objective
to control sedimentation in the lower Yellow River
seems to have not yet been achieved to any noticeable
extent.
The amounts of river flow and suspended load re-
lated to quasiequilibrium of the riverbed can be esti-
mated, using Eq. 7.As pointed out above, in the 1980s
and 1990s, the mean annual suspended load to the
lower Yellow River was decreased to 0.8–0.9 billion
tons. Inserting Deps1  0, and Qs  9 in Eq. 7, we have
Qw  438. This means that, when the annual suspended
load is reduced to 9  108t/yr, the lower Yellow River
channel might attain equilibrium of sediment transport
in an average sense, if the discharge of river flow could
remain as 43.8 billion m3/yr. This threshold for sedi-
ment transport equilibrium or no-scour and no-fill state
is smaller than the mean annual river flow of the lower
Yellow River in the 1950s and 1960s, 45.87 and 50.60
billion m3, respectively. Unfortunately, in the 1980s and
1990s, the mean annual river flow was decreased to
41.17 and 26.78 billion m3, respectively, at Hua-
nyuankou station, and because of water diversion along
the river, it decreased to 28.60 and 15.4 billion m3,
respectively, at Lijin station. The great reduction of
river flow made the lower Yellow River channel con-
tinue in a state of aggradation, the expected state of
equilibrium did not appear, and the annual sedimen-
tation rate remains unchanged.
Change in Sediment-Carrying Ability of the Lower
Yellow River
Because the sediment input decreases greatly but
the sedimentation rate does not decrease, it can be
thought logically that the sediment-carrying ability of
the channel has decreased. To express the sediment-
carrying ability of a channel, the concept of sediment
delivery ratio may be applied to it, which is defined as
SDR  Qs,o/Qs,i, (14)
where SDR is the channel sediment delivery ratio; Qs,o
is the sediment output from this channel; and  Qs,i is
the sediment input to this channel, expressed as the
sum of sediment load entering the channel from the
inlet of main stem and all relevant tributaries. For the
lower Yellow River from Sanmenxia to Lijin, the SDR
can be calculated as
SDR  Qs,1/Qs,s Qs,h Qs,x Qs,d (15)
where Qs,6, Qs,s, Qs,h and Qs,x are annual suspended
sediment load at Lijin, Sanmenxia, Heishiguan, and
Xiaodong stations, respectively. Qs,d is the sediment
quantity diverted from the river in association with
water division.
Suspended sediment transport rate of a river can be
expressed as a power function of water discharge:
Qs kQf, (16)
where Qs is the sediment transport rate, Q is the water
discharge, and k and f are constant. For many hydro-
metric stations on the lower Yellow River, the exponent
f approaches 2.0. Letting f  2, we have
k 
Qs
Q2

C
Q
, (17)
where C is suspended sediment concentration.
644 X. Jiongxin
Because Qs varies as a function of Q
2, the index Q2d
is adopted to express the annual sediment-carrying abil-
ity of streamflow. The coefficient k (C/Q) means the
sediment transport rate at unit water discharge, and
then it is adopted as an index to describe the relation-
ship of sediment load to river flow (Chien and Zhou
1965).
Assuming that the channel sediment delivery ratio
SDR can be expressed as a function of C/Q and Q2,
the following regression equation has been established,
using the data in 1950–1997:
SDR  0.0837Q2d0.048C/Q  0.56 (18)
where Q2d is in 10
8m6/s2 and calculated using the
data at Huayuankou station; C/Q is in kg.s/m6 and
calculated by mean annual suspended concentration
and water discharge. The multiple correlation coeffi-
cient R  0.84; F  52.47, which is significant at a level
of 0.0001; SE  0.2645. The channel sediment deliv-
ery ratio SDR, the annual sediment-carrying ability of
streamflows  Q2 and the index C/Q have been plotted
against time in Figure 5, based on the data from 1950–
1997. The plots show that Q2 declines with time but
C/Q increases with time. As a result, SDR should de-
cline according to Eq. 18, which is supported by the
temporal variation in SDR as shown in Figure 5.
Although the sediment input to the lower Yellow
River has been reduced significantly, the SDR declines
in the same time, which means that the sediment-
carrying ability of the channel has declined. Hence, on
the overall trend at a time scale of 50 years, the sedi-
mentation rate in the channel has not yet decreased,
and what has been significantly reduced is the sediment
flux to the sea. Obviously, this unexpected result is
caused by river flow regulation and water diversion that
have not only reduced the annual quantity of river flow
but also the sediment-carrying ability expressed as the
index of Q2.
The development of water resources in the Yellow
River drainage basin provides two conditions. First, a
large quantity of relatively clear water is diverted from
the river, leading not only to a decrease in annual river
flow but also to an increase in the index C/Q. Second,
thus far six reservoirs have been constructed on the
upper reaches of the Yellow River, all for water storage
for hydroelectric generation. The upper Yellow River
drainage basin above Lanzhou station is the major
source area of river flow. This area (222,551 km2) only
represents 30.5% of the total of the Yellow River above
Huayuankou, but the annual river flow at Lanzhou
station is 33.77 billion m3, accounting for 60.6% of the
total, 55.77 billion m3. The annual suspended sediment
concentration at Lanzhou station is very low, 2.45kg/
m3, compared with that at Sanmenxia station, 33.5
kg/m3. This area is regarded as a “clear water” source
for the Yellow River (Chien and others 1980); the high-
flow river flow from this area may significantly dilute
the hyperconcentrated flows coming from the Loess
Plateau, and thereby sedimentation in the lower Yellow
River may be eased. Since the early 1960s, several res-
ervoirs have been built on the Yellow River. Most of
them are on the upper reaches above Lanzhou and are
used for water storage for hydroelectric generation.
After the construction of these reservoirs since the end
of the 1960s, large quantities of relatively clear water
have been intercepted during the high-flow season to
be released during the next low-flow season. Thus, the
ratio of high flow season river flow to annual river flow
declines (Figure 6a). As a result, the index of Q2
would be decreased and the index of C/Q increased,
especially during high-flow seasons.
Figure 5. Temporal variations in channel
sediment delivery ratio (SDR), sediment-
carrying ability of streamflow (Q2), and
the ratio of sediment concentration to
water discharge (C/Q).
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In the meantime, as the relatively clear water from
above Lanzhou was reduced to a great degree, the
hyperconcentrated floods from the Loess Plateau could
not be diluted significantly by the clear water from
above Lanzhou, and then the frequency of hypercon-
centrated flows that occurred in the lower Yellow River
increased. The frequency of hyperconcentrated flows is
expressed as the annual number of days during which
the daily suspended sediment concentration is greater
than 200 kg/m3. Based on the data from Huayuankou
station, the frequency of hyperconcentrated flows was
calculated and plotted against the annual high-flow
season river flow at Lanzhou station shown in Figure
6b. It can be seen that, when the annual high-flow
season river flow at Lanzhou station is less than 13
billion m3, the frequency of hyperconcentrated flows in
the lower Yellow River would be increased rapidly. Hy-
perconcentrated floods have a very low sediment deliv-
ery ratio, and when they occur, serious sedimentation
may occur in the lower Yellow River. In 1969–1989, a
total of 16 hyperconcentrated floods occurred in the
lower Yellow River, which carried 57.4% of the total
sediment load of the period 1969–1989, during which
112 floods occurred. During these 16 floods, 3.49 bil-
lion tons of sediment were deposited in the channel,
making up 82.5% of the total sediment deposition
amount of this period (Zhao and others 1998). Thus,
the increased frequency of hyperconcentrated flows in
the lower Yellow River may reduce the channel SDR
and increase the sedimentation rate in the lower Yellow
River (Table 1).
Effect of Suspended Sediment Concentration on the
Trend of Sedimentation in the Lower Yellow River
As discussed earlier, sedimentation in the lower Yel-
low River is controlled by the input of both river flow
(Qw) and sediment load (Qs). Thus, the suspended
sediment concentration (Cmean), expressed as Qs/Qw,
Figure 6. Effect of river flow
from above Lanzhou. (a) The
temporal variation in the ratio of
high-flow season river flow to an-
nual river flow at Lanzhou station.
(b) The frequency of hypercon-
centrated flows in the lower Yel-
low River as plotted against the
high-flow season river flow at Lan-
zhou station.
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may also play a role in determining the sedimentation
rate in the lower Yellow River. Based on data from the
period 1950 to 1997, annual sedimentation in the lower
Yellow River has been plotted against annual mean
suspended sediment concentration in Figure 7a, which
indicates a significant positive correlation. This means
that, if suspended sediment concentration remains un-
changed, then the sedimentation in the lower Yellow
River may also remains roughly a constant. The tempo-
ral variations in annual river flow, suspended load, and
suspended concentration have been plotted in Figure
7b. It can be seen that, although both annual river flow
and suspended load show a clear decreasing trend, the
suspended concentration did not decrease with time,
with a correlation coefficient of 0.0003. This indicates
that the annual river flow and suspended load de-
creased in such a way that suspended sediment concen-
tration remained roughly a constant. Hence, according
to the regression equation between sedimentation and
suspended concentration shown in Figure 7a, sedimen-
tation should be remain unchanged. This also provides
an explanation of why the sedimentation rate in the
lower Yellow River may remain unchanged while both
river flow and suspended sediment load declined sig-
nificantly.
Effect of High-Flow Season River Flow and the
Seasonal Distribution of River Flow on Sedimentation
Rate in the Lower Yellow River
The change in seasonal distribution of river flow and
high-flow season river flow also play a part in determin-
ing the river’s sedimentation. As pointed out earlier,
annual high-flow season river flow and the ratio of
annual high-flow season river flow to the annual total
have shown a decreasing trend since 1950 (Figure 2c).
As a result, sedimentation may be enhanced.
To reveal the effect of high-flow season river flow
and the seasonal distribution of river flow on sedimen-
tation rate in the lower Yellow River, the annual ratio of
sedimentation, which is defined as the sediment depos-
ited in the lower Yellow river to the total sediment
input, has been plotted against annual high-flow season
river flow and the ratio of high-flow season (June to
October) river flow to the annual total (Figure 8).
Although the points are scattered to some degree, the
test of correlation coefficients (see Figures 8a and 8b)
indicates that the probability of significance of the cor-
relations is both at the level of 0.05. Thus, the decline
of high-flow season river flow and its proportion of the
annual total may enhance sedimentation in the lower
Yellow River. However, the decrease of sediment input
may reduce sedimentation in the lower Yellow River.
The above two trends in opposite directions may coun-
terbalance each other to some degree, resulting in the
unchanged sedimentation rate in the lower Yellow
River.
Discussion on the Influence of Precipitation
According to some previous studies (e.g., Founda-
tion for Yellow River Water and Sediment Change
Study, 1993), apart from human activities, the decease
in precipitation since the 1970s also plays a role in
reducing the river flow and sediment yield of the Yellow
River. The temporal variation in areal-averaged annual
precipitation in the drainage area above Sanmenxia has
been plotted in Figure 9, where a trend of decrease can
be seen.
Because the cultivated slopeland is a major source of
sediment in the Yellow River drainage basin, where
rainstorm splash and rainstorm runoff cause serious
erosion, the decrease in precipitation and especially in
rainstorms may result in decrease in erosion and sedi-
ment yield and therefore in the sediment supply to the
Yellow River. On the other hand, the decrease in pre-
cipitation may also result in decrease in river flow input
to the lower Yellow River. The annual sediment and
river flow inputs to the lower Yellow River have been
plotted against the areal-averaged annual precipitation
above Sanmenxia in Figures 10a and 10b, all showing
positive correlation, which is significant at a level of
0.01. The regression equations have been established
as follows:
Qw,shx 1.697P  352.15r  0.763 (19)
Qs,shx 0.0725P  20.08r  0.659, (20)
where Qw and Qs are the annual inputs of sediment in
108m3 and river flow in 108m3 to the lower Yellow River,
respectively, and P is annual precipitation in millimeters.
Table 1. Date of dam closure and capacity of the
reservoirs built on the main stem of the Yellow River
(see Figure 1 for their locations)
Name Date
of
closure
Total
capacity
(108m3)
Objectives Location
Sanmenxia 1960 360 FP, I Middle reaches
Longyangxia 1986 247 HEG Upper reaches
Liujiaxia 1968 57.4 HEG Upper reaches
Yanguoxia 1961 2.16 HEG Upper reaches
Bapanxia 1975 0.52 HEG Upper reaches
Qingtongxia 1967 6.09 HEG Upper reaches
Sanshenggong 1961 0.98 HEG Upper reaches
Tianqiao 1976 0.67 HEG Middle reaches
FP  flood protection; I  irrigation, HEG  hydroelectric genera-
tion.
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Equations 19 and 20 indicate that the decrease in P
may lead to a decrease in Qw and Qs. As is known from
Eq. 7, the decrease in river flow input Qw may lead to a
increase in sedimentation rate Deps1, but the decrease
in sediment input Qs may lead to the decrease in sedi-
mentation rate. Inserting Eqs. 19and 20in Eq. 7, we
have
Deps 1   0.0042P  0.4207 (21)
The coefficient of P in Eq. 21is only 0.0042, which
means that if the annual precipitation is decreased by
10 mm, the resultant decrease in annual sedimentation
rate is 4.2 million tons. Because the annual sedimenta-
tion rate in the lower Yellow river is on a magnitude
order of 108 tons, the reduction in sedimentation rate
induced by precipitation change is rather small. There-
fore, the response of sedimentation rate in the lower
Yellow River to the decrease in annual precipitation is
not sensitive. The decrease in precipitation may de-
crease sedimentation rate through reducing the sedi-
ment load to the lower Yellow River, but at the same
time, it may increase the sedimentation rate through
reducing the river flow. These two effects may partly
offset each other. The relationship between annual
sedimentation in the lower Yellow River and annual
areal averaged precipitation in the drainage basin is
given in Figure 10c, which indicates no correlation
basically. Hence, the human activities are a more im-
portant factor than the changing natural factors, such
as precipitation.
Influence of Reservoirs
The influence of the reservoirs on the upper Yellow
River has been discussed earlier. Sanmenxia Reservoir
on the middle Yellow River is located near the inlet of
the lower Yellow River, controlling 91.5% of the total
drainage area, and thus has a great influence on the
sedimentation rate in the lower Yellow River. From
Figure 7. Effect of suspended sediment
concentration on the trend of sedimen-
tation in the lower Yellow River. (a) an-
nual sedimentation in the lower Yellow
River versus annual suspended concen-
tration (b) temporal variations in annual
river flow, suspended load, and sus-
pended concentration.
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1960 to 1962, the reservoir was used for water storage,
trapping all sediment entering it; from 1962 to 1964,
the reservoir was used for flood retention. According to
Zhao and others (1998), during the period 1960–1964,
Figure 8. Annual ratio of sedimentation to
suspended load plotted against annual high-
flow season river flow (a) and the ratio of
high-flow season (June to October) river flow
to the annual total (b).
Figure 9. Temporal variation in areal-
averaged annual precipitation in the
drainage area above Sanmenxia.
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4.537 billion tons of sediment was trapped by the res-
ervoir, and in the lower Yellow River, 2.312 billion tons
of sediment was scoured. After the dam was recon-
structed, the reservoir was used for flood retention
Figure 10. Influence of precipita-
tion on sedimentation rate in the
lower Yellow River. (a) Relation-
ship of annual sediment load to
percipitation. (b) Relationship of
annual river flow to annual per-
cipitation. (c) Relationship of an-
nual sedimentation rate to annual
precipitation.
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during high-flow seasons, and after the flood the sedi-
ment could be released through the dam, in the period
from 1965 to 1972. During this period, the previously
deposited large quantity of sediment was released
through the dam, and therefore 3.95 billion tons of
sediment was deposited in the lower Yellow River. From
1973 to present, the reservoir was operated under the
mode of “storing relatively clear water during low-flow
seasons and releasing sediment during high-flow sea-
sons” (Zhao and others 1998). Hence, during high-flow
seasons, almost all sediment can be released though the
dam; afterwards, the sluice gates are closed to store
relatively clear water for irrigation. In Figure 11, the
annual sedimentation rate in the area of Sanmenxia
Reservoir has been plotted against time. Here the sed-
imentation rate is calculated as the sediment input to
the reservoir area by main stem and two major tribu-
taries, i.e., the Weihe and Fenhe Rivers, minus the
sediment output from the reservoir through San-
menxia station. It can be seen from this figure that
strong siltation occurred during the period 1960–1964.
However, after 1973 when the reservoir was used for
“storing relatively clear water during low-flow seasons
and releasing sediment during high-flow seasons”
(Zhao and others 1998), no trend of siltation can be
seen in the reservoir area; in some years, scour even
occurred. This indicates that, over a longer period of
time, the Sanmenxia Reservoir basically has no influ-
ence on sedimentation rate in the lower Yellow River,
although over a shorter period of time, its influence
should be taken into consideration. It can be seen from
the foregoing Figure 2c, where the temporal variation
in annual sedimentation rate in the lower Yellow River
is plotted, that strong scour occurred in the period
1960–1964. However, at a scale of 50 years, the San-
menxia Reservoir does not result in a trending decrease
in the sedimentation rate in the Lower Yellow River,
especially since 1968.
Conclusions
Based on the data of annual river flow, sediment
load, and channel sedimentation in the lower Yellow
River between 1950 and 1997, this paper found that
erosion control measures and water diversion have
counteractive impacts on the sedimentation rate of the
lower Yellow River. The results show that, although
both river flow and sediment load decreased, the over-
all trend of channel sedimentation indicates no change
with time. A regression analysis indicated that the chan-
nel sedimentation of the lower Yellow River decreases
with decreasing sediment load to the lower Yellow
River, but increases with the decreasing river flow. In
the past 30–40 years, the basin-wide practice of erosion
and sediment control measures led to a decline in the
sediment supply into the Yellow River, but in the mean-
time, the development of water resources resulted in a
great reduction in river flow, especially in high-flow
season river flow and its proportions of the annual flow.
The former appears to have reduced the sedimentation
in the lower Yellow River, whereas the latter appears to
have increased the sedimentation. When these two ef-
fects counterbalance each other, the overall deposition
in the lower Yellow River remains unchanged. This fact
should help us evaluate the positive and negative effects
of human activities in the Yellow River basin, and pay
more attention to the negative effect of the develop-
ment of water resources.
This study also indicates that it is the decrease in
channel SDR that leads to the fact that the channel
Figure 11. Sedimentation rate in the
area of Sanmenxia Reservoir.
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sedimentation of the lower Yellow River remained un-
changed while the sediment load declined significantly.
The decreased SDR may be related to the decline of
sediment-carrying ability-of streamflow and the in-
crease in the ratio of sediment concentration to water
discharge.
The response of sedimentation rate in the lower
Yellow River to the decrease in annual precipitation is
not sensitive, because the decrease in precipitation may
lead to a decrease in the sediment deposition through
reducing the sediment input to the lower Yellow River,
but cause an increase in the sediment deposition
through decreasing the river flow. These two effects
may partly offset each other. Hence, the human activi-
ties are a more important factor than the changing
natural factors.
The results of this study demonstrate that, if the over-
use of river flow resources cannot be controlled, the re-
duction of channel sedimentation in the lower Yellow
River cannot be realized by the practice of erosion and
sediment control measures in the drainage basin.
The river drainage basin management often aims at
multiple objects. When a multiple-object program for
river drainage basin development and management is
carried on, the resultant effects may counterbalance
each other, and the final “net” effect may likely be quite
different from what was previously expected.
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